Objective: The aim was to show that total arterial revascularization via a left minithoracotomy using bilateral internal thoracic arteries was not only feasible but also a safe and reproducible procedure with excellent midterm outcomes.
Central Message
This technique will help optimize minimally invasive cardiac surgery and the use of BITAs. It has been shown to be safely reproducible as an on-pump or off-pump coronary artery bypass procedure with excellent early and midterm outcomes.
Perspective
This case series of 819 patients describes a technique to perform minimally invasive multivessel CABG through a left minithoracotomy using BITAs harvested under direct vision and as a LITA RITA Y composite conduit. This series has also shown that this technique was not only feasible but also a safe and reproducible procedure with excellent early and midterm outcomes.
See Editorial Commentary page 198.
Minimally invasive coronary artery bypass grafting (CABG) through a left minithoracotomy on its own or associated with hybrid coronary revascularization is being increasingly adopted and seems to be a promising and safe procedure. [1] [2] [3] Harvesting of bilateral internal thoracic arteries (BITAs) under direct vision through a left minithoracotomy incision and use of the harvested BITAs as a left internal thoracic artery right internal thoracic artery Y (LITA RITA Y) composite conduit for total arterial revascularization has been shown to be feasible with excellent early outcomes. 4 The aim was to show that total arterial revascularization via a left minithoracotomy using BITAs was not only feasible but also a safe and reproducible procedure with excellent midterm outcomes.
MATERIALS AND METHODS
From August 2011 to August 2016, a total of 819 patients underwent minimally invasive total arterial CABG through a 2.5-to 3-inch left minithoracotomy incision. The BITAs were harvested under direct vision, and total arterial revascularization using the LITA RITA Y composite conduit was done. Patients with left main stem disease and low ejection fraction less than 25% had an intra-aortic balloon pump inserted before induction of anesthesia. Patients with low ejection fraction and a dilated left ventricle (LV) were grafted on an empty beating heart using the peripheral femorofemoral cardiopulmonary bypass methodology. Intraoperative assessment of grafts was done using Transit Time Flow Metry (TTFM), and postoperative graft patency was checked using coronary angiograms, computed tomography coronary angiograms, or stress test. Pectus excavatum, severe chronic obstructive pulmonary disease with room air partial pressure of oxygen less than 60, and intermittent atrial fibrillation and moderate mitral regurgitation requiring a Maze procedure and mitral repair were exclusion criteria for the procedure. All patients had both internal thoracic arteries studied during coronary angiogram preoperatively. Preoperative characteristics are detailed in Table 1 .
Surgical Technique and Postoperative Management
The patients were placed in a supine position, with slight elevation of the left side of the chest to approximately 30 degrees (Video 1). The nondominant arm with normal modified Allen test was abducted to 90 degrees and placed on an arm support (in case the radial artery was required).
Patients were intubated with a double-lumen endotracheal tube for single-lung ventilation, and standard invasive monitoring with arterial line, pulmonary artery catheter, and transesophageal echocardiography was performed. In patients with significant left main stem disease or poor LV function (ejection fraction <25%) an intra-aortic balloon pump was inserted before induction of anesthesia. A vascular Doppler and skin-marking pencil were used in surface marking of the RITA and the LITA. A 2.5-to 3-inch left infrathoracic incision was made 2 fingerbreadths lateral to the LITA surface marking, and the thoracic cavity was entered through the fifth intercostal space. The intercostal muscles were incised far beyond the limits of the skin incision to give an excellent exposure and less traction on the ribs, thereby reducing postoperative pain. Further, the serratus anterior muscle was never cut because this is one of the major causes of pain and discomfort after thoracotomy. The left fifth intercostal space was always chosen for entry into the thorax because the intercostal space height is greatest anteriorly in this space, thereby optimizing exposure. Approach to the thoracic cavity was always done through the left fifth intercostal space, resulting in the apex of the heart being manipulated and thereby minimal hemodynamic compromise rather than through the fourth space where the waist of the heart is manipulated, resulting in left and right ventricular outflow tract obstruction. Further, a transesophageal probe showed the movements of the ventricular wall's real time and any new mitral regurgitation. With the use of a minimal access intercostal retractor (Fehling Surgical Instruments Inc, Karlstein, Germany) in the fifth intercostal space, the ribs were gently spread. The pericardium was then opened in an inverted T fashion and the coronary arteries were inspected, after which the pericardiotomy was closed with interrupted 2-0 silk sutures ( Figure 1) . A Thorac-Pro internal thoracic artery (ITA) (Fehling Surgical Instruments Inc) retractor was then used in tandem with the minimal access intercostal retractor, and the chest was elevated (Figures 2 and 3) . The left hemithorax was thoroughly inspected, and flow in the LITA was studied with a vascular Doppler. The fatty attachments between the pericardium and the sternum were completely divided, and on dissecting the pleural from the endothoracic fascia of the right chest wall, the RITA was well visualized (Figure 4 ). For enhanced visualization of the lower thirds of and beyond the bifurcation, a 0.5-inch subxiphoid incision was made, and a Langenbeck retractor was insinuated on the undersurface of the sternum. Traction was then given via a Rultract ITA retractor (Rultract Inc, Cleveland, Ohio), thereby elevating the lower third of the sternum, which greatly enhanced visualization of the distal end of the RITA. This incision was later used to insert a pleural drain (Figure 2 ). The right pleura was widely opened because this helped in positioning the circumflex vessels for grafting without any hemodynamic compromise. With the use of a bovie at a very low setting, the RITA was harvested in a skeletonized fashion from the subclavian vein proximally to the bifurcation distally. The RITA length was more than adequate to reach the right coronary artery and the right coronary posterior descending artery. The LITA was then harvested in a standard fashion. The pericardial fat was removed thoroughly to facilitate exposure. An incision was made on the anterior surface of the pericardium, and the left anterior descending (LAD) artery was exposed. For the lateral and inferior wall vessels, the pericardial incision was extended to the diaphragm and to the phrenic nerve on the left side and as far as possible to the right. After heparinization, a LITA RITA Y composite conduit was constructed, and this was used for complete myocardial revascularization by the off-pump CABG technique using only the Guidant Acrobat coronary artery stabilizer ( Figure 5 ). The LITA was anastomosed to the LAD, and the RITA Y was used for sequential grafting of the circumflex and inferior wall vessels (Figures 6 and 7). Patients with low ejection fraction and a dilated LV were grafted on an empty beating heart using the peripheral femoro-femoral cardiopulmonary bypass methodology. Intraoperative assessment of grafts was done using TTFM. For cardiac positioning, a wide pericardiotomy was performed anteriorly, and this was opened up in an H fashion with the left upper and lower limbs of the H hugging the diaphragmatic surface extending to the right and left pleural spaces, stopping short of the phrenic nerves, thereby enabling the heart to roll into that space while operating on the lateral wall vessels, the right upper and lower limbs of the H extending to the right side of the heart and the pulmonary artery, respectively. Thereby, the pericardium had 2 leaves: an upper leaf and a lower leaf. 
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Left Anterior Descending Positioning
Two 2-0 silk sutures were inserted into the edge of the upper leaf of the pericardiotomy and were fixed tautly to the drapes on the right anterior chest wall with artery forceps, thereby bringing the heart to the left and the LAD in front for easy anastomosis.
Positioning for Circumflex Vessels
The patient was placed in a Trendelenburg position and with the table turned to the right. The sutures inserted into the upper leaf of the pericardiotomy were released, and 2 sutures were inserted into the lower leaf of the pericardiotomy and fixed tautly to the drapes on the left anterior chest wall, thereby enabling easy visualization of the intermediate and circumflex vessels.
Posterior Descending Artery Positioning
The sutures inserted into the lower leaf of the pericardiotomy were fixed to the drapes on the left anterior chest wall toward the left shoulder with the patient in a Trendelenburg position and with slight rotation of the table to the left.
Most of the patients were extubated on the table and were mobilized within 1 hour of return from the operating room. Analgesia was optimized using the continuous paravertebral block technique with an infusion of 0.25% sensoricaine. However, because 1 of the patients had a prolonged episode of hypotension after this technique, we stopped and switched to intravenous (IV) fentanyl in the first 24 hours. Oral and IV analgesics such as tramadol or paracetamol were given during the hospital stay, and the patients were sent home with oral paracetamol if needed.
Four important essentials intraoperatively to prevent or minimize postoperative pain are as follows: (1) The incision is made as anterior as possible and never more than 3.5 inches. The intercostal muscles are cut well beyond the incision, and the serratus anterior is always spared. (2) The approach to the thorax is made as far as possible through the fifth intercostal space because the height is greatest of the intercostal spaces. (3) The right pleural drain is always inserted via a subxiphoid incision rather than through the right intercostal space. (4) An intracostal suture technique is used, thereby avoiding compression of the intercostal bundle by the suture material and enabling splinting the intercostal space without compression of the intercostal bundle, thereby reducing postoperative pain.
All monitoring lines and chest drains were removed on the first or second postoperative morning depending on the hemodynamic status. Most of the patients were discharged on postoperative day 3.
RESULTS
A total of 819 patients had minimally invasive total arterial myocardial revascularization using BITAs (LITA-RITA Y composite conduit) via a left minithoracotomy. The average number of grafts was 3.1. Intraoperative TTFM was done in 642 patients, totaling 1990 grafts, and 7 grafts (0.3%) had to be revised. A total of 171 patients (21%) had 4 grafts, and 558 patients (68%) had 3 grafts. Ejection fraction was 40.5 AE 5.2. There were 6 mortalities (0.7%), and 5 patients (0.6%) had reexploration for bleeding. Four patients died of sepsis and multiorgan failure, and 2 patients died of acute renal failure. Four patients (0.4%) had an elective conversion to sternotomy because of hemodynamic instability. A total of 80 patients (9.8%) had critical left main stem disease, and 36 patients (4.5%) with poor LV function (<25%) had their grafting carried out using this technique. All patients with significant left main stem had an intra-aortic balloon pump inserted before induction of anesthesia, and patients with poor LV function (<25%) and dilated hearts had their grafting done on an empty beating heart with cardiopulmonary bypass established via femoro-femoral peripheral cannulation. The RITA and LITA harvest times were 28.5 AE 10.2 minutes and 22.2 AE 7.6 minutes, respectively. The total time in the operating room (including extubation) was 295.5 AE 32.5 minutes, and operating time was 175.8 AE 21.6 minutes. A total of 651 patients (79%) were extubated on the table. A total of 8 patients (0.9%) required intervention for pleural effusion, and 16 patients (2%) had postoperative atrial fibrillation. The strategy for prevention of postoperative atrial fibrillation was as follows: An IV bolus of 150 mg of amiodarone was given before the initial anastomosis, and then another IV bolus of 150 mg was given after completion of revascularization. This was then followed by infusion of 900 mg of amiodarone for 24 hours. Two grams of IV magnesium sulfate was given intraoperatively; 200 mg of oral amiodarone twice per day was continued for 1 week. The QT intervals were monitored daily. In regard to postoperative recovery, the average patient length of stay was 3.1 days and full recovery was achieved in 2 weeks in majority of the patients. The average length of stay was 3 days for 728 patients (89%), 4 days for 56 patients (6.8%), and 5 days for 35 patients (4.2%). Early return to work and full activity were documented in 738 patients (90%) in 10 to 14 days and in 81 patients (10%) in 15 to 30 days.
Follow-up was complete in 737 patients (90%). The mean duration of follow-up was 12.8 months (range, 5-20.5), and 99.3% of patients were free from major adverse cardiac and cerebrovascular events. Imaging studies were done at 12 months to check for graft patency. As the majority of the patients who underwent surgery were feeling well and had no symptoms, only 195 (23%) consented for an angiogram. A total of 172 patients (21%) opted for a coronary computed tomography angiogram, and 284 patients (34%) consented to a stress test. Four patients (0.4%) had recurrence of angina and required reintervention angioplasty. The remainder of the grafts studied by coronary angiogram and computed tomography angiogram were patent, and the stress test showed normal results. There was no late mortality. Distribution of conduits and the target vessels is detailed in Table 2 , and operative characteristics and results are shown in Tables 3 and 4 .
DISCUSSION
Calafiore and colleagues 5 popularized minimally invasive CABG through a small left anterior thoracotomy and reported the largest series, extending the indication to patients with multivessel coronary disease. McGinn and colleagues 6 have shown that in minimally invasive CABG, applicability, revascularization completeness, morbidity profile, and safety were excellent and were maintained despite rapid procedural adoption. Use of BITAs in CABG has shown improved survival and increased freedom from reintervention. 7 Total arterial revascularization with composite arterial grafts has clearly improved the midterm and long-term outcomes. 8 However, the use of BITAs has not been optimal in CABG because of increased incidence of sternal complications, especially in patients with diabetes.
Harvesting of ITAs with conventional thoracoscopic instruments with video assist has been limited because of lack of precision, instrument factors, and limitations. 9 The introduction of robots has added to the total endoscopic harvest of the ITAs; however, the limitations have been the cost factor, availability, and steep learning curve. 10 Subramanian and colleagues 9 reported BITA harvesting with robotic assistance and minimal access multivessel coronary artery bypass. Robotic assistance greatly enhances visualization and thereby results in harvesting longer lengths of conduits, which is essential for multivessel grafting. 11, 12 In our study, for enhanced visualization of the lower thirds of the RITA and the LITA, and in increasing the space required for manipulation of the heart, a 0.5-inch subxiphoid incision was made through which a Langenbeck retractor was insinuated on the undersurface of the sternum and traction was given using a Rultract ITA retractor. This elevated the undersurface of the sternum and enabled us to manipulate with ease the minimal access instruments within the thorax and to visualize the distal ends of both the RITA and the LITA. This resulted in our ability to harvest conduits of more than adequate length for complete arterial revascularization. This incision was later used to insert a pleural drain. Further, avoiding a median sternotomy, BITAs were used without increasing the risk for wound dehiscence, particularly noting the large number of patients with diabetes in our study group.
Multivessel coronary artery bypass through minimal access has been performed using peripheral arterial cannulation and cardioplegic arrest. 13, 14 Our technique encompassed a method in which through a 2-inch left minithoracotomy, BITAs of adequate length were conveniently harvested in a skeletonized manner under direct vision. Total arterial off-pump complete myocardial revascularization was then done using the LITA RITA Y composite conduit. This grossly reduced the invasiveness when compared with CABG via a sternotomy.
Vassiliades 15 has described port-access stabilization in endoscopic coronary artery bypass for LITA to LAD artery anastomoses. In our study, we have used the ACROBAT SUV (Maquet, Rastatt, Germany) coronary artery stabilizer for positioning and stabilization of all coronary targets. The use of intraoperative transesophageal echocardiography while positioning for the various grafts preempted any hemodynamic instability.
The postoperative recovery was good, with a mean hospital stay of 3.1 days and return to full activity within 2 weeks. This compares favorably with other studies. 3, 9 Operating times were comparable or at times better than standard CABG with total operating time: mean AE standard deviation, 175.8 AE 21.6 minutes and total time in the operating room (including extubation), mean AE standard deviation, 295.5 AE 32.5 minutes. In our series, postoperative pain initially was controlled with paravertebral block using continuous sensoricaine infusion for 24 hours, but a persistent hypotensive episode in 1 of the patients after sensoricaine infusion led us to change our practice. Thereafter, analgesia was optimized using a low-dose fentanyl infusion for the first 12 to 24 hours, along with oral analgesics. Rogers and Duffy 16 concluded that post-thoracotomy pain is fundamentally due to damage to the intercostal nerve, more than the approach technique, and that efforts should be aimed at careful management of the intercostal space. The intracostal suture technique was used, thereby avoiding compression of the intercostal bundle by the suture material and enabling splinting the intercostal space and reducing postoperative pain. Financial benefits for both the patient and the hospital were observed. The midterm and late outcomes have been good. Coronary and computed tomography angiograms at 12 months have shown excellent graft patency, and only 4 patients required reintervention for recurrence of angina.
Diegeler and colleagues 17 have shown minimally invasive direct CABG to be a safe procedure and have also shown this in patients with multiple-vessel coronary artery disease and in patients with severely reduced LV function. In our study, we have shown the safety of the technique as demonstrated by the low incidence of perioperative and postoperative complications, including morbidity. Potential contraindications to this technique are severe chronic obstructive pulmonary disease, partial pressure of oxygen of less than 60 on room air arterial blood gas moderate to severe renal dysfunction, recent myocardial infarction or cerebrovascular accident, and patients with intermittent atrial fibrillation and moderate mitral regurgitation who required a maze procedure and mitral repair.
We carried out the first 40 cases in the patients with good LV function. As our experience with this technique increased, we started performing coronary artery bypass in patients with left main stem disease and poor LV function (<25%) having multivessel disease. In these patients, an intra-aortic balloon pump was introduced before induction of anesthesia to mitigate risk. Few of the patients with low ejection fraction had their grafting done on an empty beating heart with cardiopulmonary bypass established via the peripheral cannulation technique (femoro-femoral bypass). This technique is reproducible; requires the same infrastructure for formal coronary bypass surgery, with the exception being the acquisition of minimally invasive cardiac surgical instrumentation; and can be done on an empty beating heart to aid in training. The potential advantages of minimally invasive CABG using BITAs include long-term survival benefit conferred by BITA grafts and elimination of the risk of sternal wound infection, in addition to the established advantages of minimally invasive coronary artery surgery. This approach has the potential for further optimization with hybrid revascularization strategies. 18 
CONCLUSIONS
This technique will help optimize minimally invasive cardiac surgery and the use of BITAs with its associated benefits, without the invasiveness and related complications of a median sternotomy, especially in patients with diabetes. This technique is also safely reproducible as shown by Kikuchi and colleagues. 18 This technique can be extended to patients with left main stem disease and poor LV function and can be performed on an empty beating heart using peripheral cannulation for cardiopulmonary bypass. Further, this may allay patient fears of heart surgery and has shown decreased patient mortality and morbidity, shorter hospital stay, early return to active life, good cosmesis and graft patency, and excellent early and midterm outcomes.
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